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SUMMARY

..-An analysis is presented of the causes of compressor stall and
flame-out when armsment is fired during flight at high altitudes. Ex-
perimental data are also presented on this subject.

●

The increase in compressor-inlettemperature during armsment firing
is probably the most important single factor sffecting engine perform-

. snce. This increase h temperature is stificient by itse~ to account
for the observed occurrences of compressor stall and flsme-out.

The changed compressor-inlet pressure, inlet-flow distortions, and
combustibles in the compressor, for the most part, increase the likeli-
hood of compressor stsll beyond that for an inlet-temperature increase
slone.

If the combustible materials entering the engine inlet do ~,qtb~n
until they reach the combustor, their effect will be very small. Al-do,’”””
the reduction in o~gen concentration is not sufficient to effect com-
bustor performance appreciably.

The principal change occurring in the combustor during armament
firing is the great increase in fuel-air ratio due to.the reduced com-
pressor air flow. Jn some engines, this increase in fuel-air ratio may
be enough to cause a flsme-out before compressor stsll occurs. However,
for the particular engine snslyzed in this report, it appears that corn=
presser stall precedes flsme-out.

Measures to slleviate these engine difficulties during armament fir-
ing include all the features of variable engine geometry that increase
the margin between the compressor operating point snd the stall limit.
A reduction in fuel flow during armsment firing will also decrease the

“ likelihood of compressor stall snd should prevent combustor flsme-out as
long as stsll does not occur. However, the best solution to the problem
is to move the armament away from the engine tilets so that the hot gases

w never enter the engine.
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Compressor.stall tid flame-outIn ttibojet engines have occurred on
numerous occasions when rocket missiles and cannon %re fired at high
altitudes. The U.S. Air Force has reported stall @d flame-out in the
F-86 and the F-94C, end the U.S. Navy in-he Cutlass and the Fury. h
addition, the British have encountered tlitsproblem in their Swift &d
Hunter airplanes. Obviously, then, the problem is rather general in,
nature snd is not one that is peculiar to~”anyone a~rcraft or to Aiiy .
one engine.

One factor that obviously contributes to these ‘enginedifficulties
is the ingestion of rocket and cannon-shell exhaust gases into the en-
gines. The extent to which rocket exhaust can entel the engine air .ti-
takes is illustrated in figure 1, which shows a photograph of an F-94C
aircraft approximately 0.7 second titer firing rock~ts. The exhaust
smoke sad vapor trails from the rockets envelop a large part of the ‘air-.
plane and csm enter the air intskes in appreciable djuantities.

The following engine-inlet effects will occur &uring the firing of
armament:

.

.-

(1)

(2)

(3)

(4)

(5)

The
cur when

Increased inlet temperature .’
,...-..

— .—..— -=

Changed inlet pressure
— ..

Distorted inlet-pressureand tem&rature profiles
—

Entry of combustibles into engine —

Reduced oxygen content in gases efiteringengine
—. —— ——

object of this paper is to examine each of -thesethings that oc-.
armament is fired and to show %Y tialysis aud by experiment-&l. _.“-~-—

data which of these items are important ‘&d ho; each_affects-engineper- ~
formance. Deductions are made of the causes of the compressor stall,.and.._ ,
flame-out that have been encountered in flight. Finally, some remedial
measures are suggested.

EFFECTS AT ENGINE INLET
—

Rocket Firing

I

Analysis. - The magnitude of the tem&ature ani pressure effects ~
at the engine inlet cannot be obtained directly frou-existing data. Sev-
eral sets of data on Jet spreading and mixing must be considered together.

.
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For the 2.75-i.nchair-to-air rocket (fig. 2), the co??ibustion-
chsmber pressure is 1100 pounds per square inch snd the temperature is
4500° R. The design exit Mach number is 2.7 and the exit static pressure
is 42 pounds per squsre inch. Since this pressure is considerably above
snibientpressure at al.ti$ude,the jet will expand greatly upon leaving
the nozzle. The smount of initisL expansion canbe obtained directly
from existing data (ref. 1), but the smount of mixing farther downstream
Cmot . Experimental data on jet mixing sre presented in reference 2.
These mixing data were obtained with low velocities fqr_bQth the jet =d”
the stresm; in sddition, the two streams had equal temperatures and static
pressures. These conditions sre in marked contrast to the high veloc-
ities =d the temperature and pressure differences noted for the rocket.
Nevertheless, an estimate of rocket-jet spreading csnbe obtainedby
adding the results of reference 2 to the supersonic expansion, as indi-
cated by the diagram in figure 2.

Results of a typicsl calculation are shown in figure 3. The stream
Mach number relative to the launching station is taken tobe 0.9 and the
sltitude 45,000 feet. At the time shown (about 0.3 sec after firing),
the rocket is 60 feet from the launcher and is moving away at a speed of
400 feet per second. Contours of temperature are shown for the exhamt
from a single rocket; these temperatures sre expressed as the difference
between the temperature at variouE locations ad the ambient temperature.

H the position of the inlet relative to the launcher is known, tem-
perature increments at the engine inlet csn be estimated. For exsmple,
consider an inlet 1 foot in dismeter whose centerline is spaced 1.5 feet
from that of the rocket. Tf’the inlet is in the plane of the launcher,
the average temperature of the entering stream wouldbe about 20@ F
above smbient. The temperature increment will vary from 260° F at the
inner face to 140° F at the outer, as indicatedby the inset in figure 3.

H the calculations represented h figure 3 are repeated for other
lengths of time after firing, the temperature profiles at any station
can be obtained as a function of time. Temperature variations at the
launcher station are shown in figure 4. Variations in total pressure are
slso shown in figure 4, ad these pressures sre expressed as the differ-
ence between the local pressure and the free-stream total pressure divid-
ed by the free-stresm total pressure. For the exsmple cited of an inlet
1 foot in dismeter and located 1.5 feet from the rocket centerline, a
msximum temperature increase of 400° F is reached at the inner face of
the inlet 0.15 second after firing. At this time, there is a variation
in temperature across the inlet of 400°. Amaximum totsl-pressure in-
crease of 25 percent above free-stream pressure is experienced at a
slightly later time titer firing, 0.22 second. At this time, the total-
pressure variation across the inlet is 25 percent. Figure 4 sJ-soshows
the duration of these increases. A temperature increase of 200° at the
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lnner face, for example, will be reached at 0.09 sec&d and will pers-ist.
.

until 0.32 second titer firing.
.

w

l%perirnent.- The only available experimental data showing the tnag-
—

nitude of increase in inlet temperature when firing~ockets were obtained . ..–_~
by Lockheed for the F-94C fighter firing”a charge of .24rockets duriti a z
0.15-second time in$ervsl. Figure 5 shows-the relative position of the .-
rockets and the engine-inlet ducts in the F-94C. The rocket cluster is
located in the nose section, while the fuselage scoop-type air inlets -G
are located just rearward. Because of this_.position@g, it csn be ex= Q.
petted that more rocket etiaust will be diverted into the inlet duct and . ----
higher temperatures will result thsn for the sample Cnlet indicated in
figures 3 and 4. .-

The actusl temperature rise measuredly Iackheed..(ref. 3) is pre-
—
—

sented ir”figure 6, which shows the variation in temperature measured at
the engine inlet as a function of time elapsed after firing the rockets. .

..—,

Three curves represent the mtifmum~ average}.~d m=~~ tem??eraturer~se
where peak temperatures are approximately 300°} 600°} ad 900° F, respec-

~-=

tively. One reason for the wide variation _+ntemperature rise lies in
the large difference in burning characteristicsof the individual rockets. ~. “!
Ignition lag may vary from 0.025 to 0.035 ~~cond ~d total burning time
from 1.4 to 2.0 seconds.

—
For a burst of 24 rockets, these variations can

result in a lsrge range of possible temperatures in th-ewake of the
rockets.

The approximate time during which these hot gases pass into the en- ._ :
gine (fig. 6) agrees quite well with the calculationspresented earlier.
The hot gases start to pass into the engine about 0.1 second after the

—

beginning of rocket firing and continue to enter the engine until about
0.4 second after the beginning of firing. !Ihevalues of temperature in-
crease are higher than would be predicted from figure 4, because a large
number of rockets were fired snd because the nose sect”~ontends to divert__ __-
the exhaust gases into the inlets.

-.

Csnnon Firing
~

The effects of cannon fire are different in certain respects from
those for rockets. Figure 7 shows an aircrsft in the process of firing
cannon. As the muzzle gases move out ahea&of the inlet, they mix with
the incoming air and the inlet temperature is increased. In certain
cases, the gun chambers are vented into the @let; this permits a consi~-
erable blast of hot gases directly into the engine. & addition4 factor __
is muzzle flash, a sudden ba”ing or explosion of the gases ahead of the
guns ● If this occurs, the hot gases csn expshd ehead of the aircrsft and

“r

enter the engine at greater than normal rates.
—

“
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In addition to the temperature effects, cannon firing csn slter ti-

U let pressures. Pressure effects for cemnon should he in a direction
opposite to that noted for rockets, because the momentum of the muzzle
gases opposes that of the incoming air. Mixing effects sre even more
difficult to evaluate thqn those for the rocket. However, it h= ~een
estimated that, at a Mach nuniberof 0.9 and sn sltitude of 45,000 feet,
firing four 20-milMmeter guns at the rate of 1500 rounds per minute
could reduce inlet pressures by as much as 9 percent if the guns were

w located close beside the inlet.
*
PN

EFFECIIHON COMPRESSOR

AnsQ-sis

ficreased inlet temperature. - Figure 8 is a compressor operating
msp for a typical single-spool axisl-flow turbojet engine. The map shows
the variation of compressor pressure ratio with corrected.air flow for.
lines of constsnt corrected engine speed. Also shown are the steady-state
operating line and the stall line for no inlet-flow distortion. Calcula-
tions of the point of compressor operation have been made for an increase>
in inlet temperature. The initisl point of operation (point A] was taken
at rated mechanical engine speed at em sltitude of 45,000 feet and a
flight Mach nuaiberof 0.9. For these calculations, fuel flow and eng3ne
speed were assumed to remain constszrtwhile the inlet temperature in-
creased. This is a valid assumption, since, during the short time (ap-
proximately 0.3 sec for en actusl rocket-firing case), the engine control
would not have time to @just fuel f~ow nor would engine speed have time
to change.

To completely anslyze compressor operation during an inlet-
tem~erature increase would necessitate calculating the history of the com-
pressor operating point as the armsment gases pass through the engine.
However, with only the operating map for the complete compressor, this
calculation is impossible. The discussion must therefore be limited to
the operating point that is reached titer the armament gases reach the
turbine station (point B, fig. 8). The location of point B depends on
two factors: (1) The compressor equivalent speed N/@ must be cor-
rected for the increased value of 8j and (2) the reduced equivalent
speed produces a reduced air-flti rate, and, since fuel flow remains con-
stant during the short time involved, the turbine-inlet temperature rises.
Point B is therefore located on a line of lower equivalent speed and is
shifted upward from the steady-state operating line.. (Syrrbolsare de-
fined in the appendix.)

Since the path followed in the transient from points A to B csnnot
be calculated, the dashed curve in figure 8

D of one possible path. The obvious question
serves &ly as an tidication
as to what happens if the
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path enters the sta31 region cannot be mswered at present. Since t@e -
is required for stall to set in, it is possible that some stages of +/he
compressor could momentarily operate above their steady-state stall”

.V—

limit. On the other hand, if the path crosses the stall-limit line Wd
stall does occur, then operation at point B will not be realized.

Compressor operating points calculated by this procedure for sever- ““
&L v~ues of ifiet-temperature increase are presented.in figure g. A
300° incresse results in an operating point..justat the stall.line. For N
this particular engine, en inlet-temperature increase of slightly over
300° F would certainly cause compressor stall. -2

Changed inlet pressure. - If a pressure change accompanies the tem-
perature change, the stall tendency can be affected. Three paths between
points A and B are shown in figure 10. Assume that the center path would
be followed for a temperature change alone. Now, if the inlet pressure .—

is reduced as a result of cannon fire, the reduction in compressor-inlet
-—

pressure effectively increases the compressor pressure ratio. The path
will therefore be shifted upward toward the stsll.limit. The smount of

.6.:

shift will, of course, depend on the magnitude end duration of both the
temperature end pressure change. The pressure effects of cannon fire
should, in genersL, increase the probab~ity of stsll.

K–

For rockets, the inlet pressure is increased and the compressor pres-
sure ratio is momentarily decreased. This moves the Qath downward away
from stall.

IILet-flow distortions. - As shown in the Jet-sp=ading analysis,
both temperature gradients end pressure distortions maybe expected efter
armament firing. Pressure distortions effectively lower the stall limit.
Temperature distortions may also have a similar effect. The reduction in
stall margin due to these changes is indicated in figure 11. In msny in-
stances, armsment firing takes place while the aircraft is at high angle
of attack. The inlet-flow distortions causedby angle of attack also —

affect the stsll msrgin as indicated in figure J-1..

Combustibles in compressor. - Numerow”instances-of afterburning
from rockets end muzzle flash from guns serve to show that the armament
gases can undergo further burning. If burning occurs while these gases
are in the compressor, then the pressure will rise where the lmrning takes
place. This m?ans that the pressure ratio across the compressor stages
upstresm of this location will be greatly increased. The resultant effect
cannot be shown on the compressor map, but #e probability of encountering .
staXl_is increased.

.

.
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Experiment
*

Lockheed (ref&?3) reports that a 300° increase in inlet temperate
is the criticsl Vsl=% in the F-94C, which uses a J48 engine. They state
that a temperature increase of less than 300° can be tolerated, while a
temperature increase in &xcess of this value causes engine difficulties.
These temperature efkects were probsbly accompanied by inlet-flow distor-
tion smd pressure changes; consequently, the 300° vslue is probably

U unique for the F-94~:,~onfiguration.

E
>.

N Experimental d’~$s’’”showingthe effect of an increase in inlet tem-
perature on a modern,turbojet engine are presented in figure 12 which
shows that surge was produced by inlet-temperature ticreases of 70° F or
more. These data were obtained in the Lewis sltitude wind tunnel by de-
flecting hot air into the engine inlet. A time intervsl of 1 to 2 sec-
onds was required for the complete temperature rise to be felt at the
compressor inlet during these tests; consequently, these data sre not

. strictly anslogow to the more rapid temperature increase accompa@ng
armament firing.

EFFECTS ON COMBUSTOR

Before considering the effects of srmement on the conihetor, the
factors that effect combustor performance will be reviewed briefly. A
conibustorperformance map is shown in figure 13. Combustion efficiency

P3T3
is plotted as a function of the conknzstionparsmeter a~ 9(u), where

r
a is the o~gen concentration in the inlet gases, P3 and T3 are the

total pressure snd temperature at the couibustorinlet, Vr is the combus-

tor reference velocity and is equal to the inlet volume flow rate divided
by the meximum cross-sectional area of the combustor, and ~(u) is an
exponential function that depends prtisrily on the o~gen concentration.
The combustion parsmeter was derived from theoryby assuming that chemi-
csl reaction kinetics control the rate of burning in the couibustor(refs.
4and5). For most combustors, a reasonable correlation of data csn%e
obtained with the parsmeter.

Atypical. fsmily of experimental cn.mvesis shown in figure 13 for
several fuel-air ratios. For lower vslues of the coaibustionparameter,
efficiency decreases shmply. The solid points at the ends of the curves
denote flame-out. The vslue of the cotiustion psmmeter at which flsme-
out occurs is a function of fuel-air ratio, as shown in figure 14. Each

.
of the solid points indicates an experimental flam+out for a typicsl
turbojet couibustor. Since flsme-outs are not exactly reproducible, a
shaded band Is used to indicate the flame-out region.. Above this band,
combustion is stable; below, no burning is possible.
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To facilitate estimation of flsme-out margin for this combustor,
operating points are indicated at several altitudes. These points cor-
respond to rated engine speed and a flight Mach number of 0.9. This
couibustorobviously has emple steady-state flame-out limits.

The conibustoroperating map,can now be used to.anslyze the effect
of armament firing on cotiustor performemce in a hypothetical turbojet
engine that uses the combustor of figure 14 and the compressor of fig-
ure 9. Consider en initial operating point at an altitude of 45,000
feet, rated mechanical speed, and a flight Mach nuniberof 0.9j this is
point Aon the co,nibustormap (fig. 15). If the armament firtig causes
a 300° F increase in compressor-inlettemperature, then the combustor
operating conditions become those of point B (fig. 15). The location
of point B depends on both the change in inlet temperature and gas com-
position and the change in compressor operating point. ti the compressor
mep (fig. 9), it wss shown that a 300° F increase in compressor-inlet
temperature causes a marked decrease in both compressor pressure ratio “_ _
and mass-flow rate. The decreases in oxygen content–and in combustor-
inlet pressure adversely affect the combustorj however, these effects are
largely offset by the increase in inlet temperature and the decrease in
air-flow rate. Thus, the change in the combustion parsmeter between
points A sndB iS slight. However, the fuel-air ratio increases consid-
erably from point A to point B, since fuel flow remains constsnt and air
flow decreases. For the combustor map illustrated in figure 15, point B
lies ti the stable burning region, and fl=e-out does not occur.

As indicatedby figure 9, the operating point corresponding to a
300° F increase in inlet temperature lies @st underneath the compressor
stall line. If the compressor stalls at this condition, then the com-
bustor operating point changes to the values indicated-bythe two points
labeled C in figure 15. The upper point cg_rrespondsto the highest and
the lower point to the lowest of the oscillating pressures that have been
measured In a similar turbo~et engine operating in a stalled condition at
this particular value of equivalent speed (ref. 6). Since these operating
points for the conibustorduring stall lie outside the stable burning re-
gion, combustor flame-out will follow the occurrence of compressor stall.

The foregoing discussion does not meauthat in all.engines compres-
sor stall must precede combustor flsme-out. Obviously, if this seinese-
quence of events occurred in some engine for which the combustor did not
have as wide a fuel-air-ratio range for stable operation, combustor
flsme-out could occur at point B, because the fuel-air ratio wouldbe too
high even though the compressor did not stall.

The possibility of the entry of some combustible material into the
engine due to incomplete combustion in the armament exhaust gases has been
mentioned. The effect of these materials passhg through the compressor
without burning end then burning in the combustor, is shown In figure 16.

.

n

—

%.

.—

.—

—

*

.
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For a combustion efficiency in the srmsment gases of 85 percent,
b and the remaining 15 percent of their chemical heat release assumed to

occur in the com%ustor, point B would be moved over to the location in-
dicated by point D. The effect is quite smell.

EFFECT ON SUPERSONIC AIRCRAFT

At supersonic speeds, em additional component, the air inlet, must
be considered. IX reduced air flow accompanies the temperature increase,
a supersonic inlet csn be forced into its subcritical o~rating range,
and the inlet then becomes an additional source for pressure and flow
pulsations. The effects of firing rocket exhaust into en inlet-engine
combination operating at a Mach number of 1.9 have been briefly investi-

y
gated in the Lewis 8- by 6-foot supersonic wind tunnel. Although quanti-

E
tative data are not available ss yet, it is lmown that large pressure
fluctuations existed at both the compressor inlet and outlet stations.
Because of compressor surge or inlet instability, a quasi-steady operat-.
ing condition was never reached.

.

Possible remedie3

Trsnsient adjustments:
Close met guide

REMEDIAL MEASURES

measures are u follows:

vanes
@en compressor bleeds
Reduce fuel flow
Inject water at compressor inlet
Open engine exhaust nozzle

Desi@ changes to avoid titake of exhaust gases:
Move armsment away from inlet
Vent gun chanibersaway from inlet
Deflect muzzle gas away from imlet

The first course of action is the use of trsnsient adjustments, such as
closing the inlet guide vanes, opening the compressor bleeds, reducing
fuel flow, and in~ecting water at the compressor inlet. These are dl
measures that can be put into effect an instant before srmsment is
fired and maintained durtig the critical.period. The length of time the
hot gases are passing into the engine is approximately 0.3 second, so
that the use of these adj,utments maybe limitedby the speed of actua-
tion. Unfortunately, all these items (except water injection) slso appre-
ciably decresse the engine thrust level, and this effect on performance
must be considered. F. A. HolnLstated that reducing fuel flow during
rocket firing on the F-94C was effective (I. A. S. meeting, Cleveland,
Ohio, Msrchll, 1955).
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The compressor operating margin between the ste@y-state line and
the stall limit decreases as altitude is increased. ‘we gains result+g
from design changes to increase this stall margin wi~l be largely”tak-en
up by future increases in flight altitude.‘ In addition, angle-of-attack
operation d~reases the sted.1margin, and the size u-d firing rate of~””
armement are being steadily increased. From these consideations it
would appear that the use of treasient adjustments tu increase the stsl.1
margin may prove to be only a temporary sol.ution to the problem of arma-
ment firfig.

The best course of action, end the most obvious, is to avoid com-
pletely the intake of exhaust gases. Jfovf~ the ~~ent, vent~g the

@ chauibers,and deflecting muzzle gas aw-ayfrom the inlet are all pos-
sible solutions. The problem for the F-86F has been’greatly eJJ.eviated
by installingbl”at deflectors on the nose-mounted ction. It is note-
worthy that the F-89, which has wing-tip-moiurtedrocket-pods, has en-”
countered no engine problems due to rocket firing, according to Helm.”

.-

N“
l-l

s.
—

—

CONCLUSIONS
,

The increase in compressor-inlettemperature during armament firing
is probably the most important single factor affecting engine perform-
ance. This increase in temperature is sufficient by itself to account
for the observed occurrences of compressor--stsllend flame-out.

The changed compressor-inletpressure, the inlet-:flowdistortions,
and the combustibles in the compressor, for.,the most part, increase the
likelihood of compressor stall beyond that for en inlet-temperature in-
crease alone.

If the combustible materiels entering the engine inlet do not burn
until they reach the combustor, their effect will %e very smell. Also,
the reduction in oxygen concentration is not sufficient to affect com-
bustor performance appreciably.

The principal change occurring in the combustor during armement fir-
ing is the greatly increased fuel-air ratio due to the reduced compressor
air flow. In some engines, this increase in fuel-ah-ratio mey be enough
to cause a fleme-out before compressor stell occurs. However, for the
particular engine snelyzed here, it appears that compressor stall pre-
cedes flsme-out.

Measures to alleviate these engine difficulties during armsment fir-
ing include W the features of variable engine geometry that increase the
msrgin between the compressor operating point and the stell limit. A

—

—

—

.——
.-

.—

.—
*-

.
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reduction in fuel flow during armsment firing will also decrease the
likelihood of compressor stall and should prevent combustor flame-out asb
long as stsll does not occur. However, the best solution to the problem
is to move the armament away from the engine inlets so that the hot gases
never enter the engine. o

9-

Lswis Flight Propulsion Laboratory
Nationsl Advisory Committee for Aeronautics

Cleveland, Ohio, June 1, 1955
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APPENDIX - SYMBOLS

The following symbols are used in this report: _

Mach number

engine rotational speed
.-.
.-

total pressure

total temperature

combustor reference velocity —

air flow

oxygen coneentration in

ratio of total pressure
sea-level conditions

-.

inlet gases —

.

—

d.

.

—

to absolute pressure of NACA standard
..

ratio of total temperature to absolute temperature of NAC!A
standard sea-level conditions

exponential function depending primarily on o~’ygenconcentration

Subscripts:

c rocket combustion chsmber — .—

e rocket-nozzle outlet

o free stream

2 compressor inlet
_

3 compressor outlet
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*

Figure2. - Jet spreadingfrom 2.75-hch.rocket; Altltude,45,OOO feet. ..
.
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